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F4ACNETIC ENERGY STORAGE*

John D. Rogern
Lou Alamos Scientific Laboratory

Loo Alamoa, NH 8?545

Abstract

Magnetic ener~ “.torapje has becm the foundation
for near time and longer range electric utility

application~ and for current induction in the plasma of
fueion devices. lhe fusion program embrhcea 10U 10ES
superconductor strand development with integration into
cables capable of carrying 50 kA in pulsed mode at high

fields. This evolvement has been paralleled with
pulsed aner~ ●tnrage cnil development and teuting from
tens of kJ at 1- flaldri to ● 20 FfJ prototype tokmak

inductinn cnil at 7.5 T. Ihersy trensfer timaa have
ranged from 0.7 ■a to aevcral oecondrr. Electric

utillty ❑asnetic etnrage for prospective ●pplication 10
for diurnal load leveling with masaive eyotem to store
10 G/h ●t 1.13 K in a dewar structure nuported on

bedrock underground. h immedtate utillty ●pplicatloa
1s e 30 lfJ eyatem to be ueed tn damp power oecillationa
on the Bonnevlllm Power Admtrriscration ●lectric t ran~-

miealon line-. An of f-nhnot of this lirat wrrk ie a new
program for electric utility VAR cnntrol with the
potential frrr une to eupprenn autmynchronoua reaonnnce.
pulsed magnetic anerw stor~ge iM nnt a wi \ely

developed technnlnw. Current work itr done mlmomt
mxclu~ively In Japan nnrl the United Staten. ‘T?Iin paper

does n-c cnver pant mrk or cnmpletcd Studio- ~t
praoents work in proHrenu, work planned, and recently
coqleted unurnunL work.

Suprrronduc t lng magnet l,” cner~ stnrnws hnn It#
rnrrts In prnvidlna n pulned MnVrru of euer~ o r all

●nemy nupply to be prov[dod river ;I Innu [Imr perlnd.

The fnrmor embracmt high Intenrrlty flamh lamp vnrr~

■ymrvaa, arrelcratnr drlv[!no and ma~nrllc con flnmmrrrl
funlnn Iryntlwl, prlrrclpnlly frrr plnnma currrnl

Inductlnn and nhmlc he{lLln~. The Iattcr la for diurnal
lmtd levellrr~ for an alccLrtc ullltty ■yntrrm. k) rv
recently, ●upvrconduc t lnR MRnPtir ●rrgy mtnrugo ro
●tnhlllzv neHatlve Iv dtim~rtd pwrr Omclllnt Ionfr nn (In

elcc Lrlc u~lllty tranrrrnlnnlon llnr mrtd for VAN rnnl r{)]
on nn elcclrlr uLlllty nyetwm roqul rem a hlanod rnv r~
●,.nruRF with a Inw frrquorrry •llrr~ flow wlLh only a
fractlorr Of Lh@ !rLl}rrd rnor~ IInl NH In tind nul of th~
otora~e cnll.

Ag,4rcfinlvr pr{,urmmn, trt)tlt In the Ihrlf rd S1 ntrm nnd
Japan, nrm th- prlnrlpnl Mgllet II- PUP r~ Ullnb amt.
t~rhnnlow tlrvrrloIennnI rffnrtn.

Mdltionally, LASL 10 engineering a 30UJ

Superconducclng Magnetic Energy Storage (SNSS) system

to damp pwer oacillation~ on the Bonneville Power
Admintatration (BPA) HVAC transmlenion linen which run
from the Pmclflc Northwest to southern California.

Static VAR compenaatlon eyntema ●re used by the
●lectric utility induat~. me poaelbtllty ●mlotn that
VAS compenaatirrn can be provided with ●uperconductlng
cnila with relatively smell energy storage of ● few
hundred kilo joulee. A progrem to determine the

●pplicability of ouch a ayntem ham been initiated at

LASL.

The Japanene have ●uccesofully built ●nd operated
● nrmber nf -11 pulsed ener~ storage coils. ‘f’heir
Boals for future work Include a 0.5 NJ mnergy ucorage
●nd tranafer tiyetem in ]980 at Omaha Univerelcy, a
100 W ntnic heaclng coil protntype flvu year program
at JAEllI, mnd a i tlWh toroldal dlurnirl load leveling
(Sf4ES) dcmountratlon to be operatlnnal for the :985
Internutlonul Science Exprrmitlon to be held in Tauku,,a
Sc Lence and Educarlon City, Japan. 2 Shlntoml et al.]
have reprrrled nn a WI k.] Mupercondurtlnff ahlelded roll
for pulned ener~ aturuge which utillzes the unlqu?
schema of Waen and Unlinrr. 4

Snth Lhe llnlvcrHlty nf Uiecnnaln (W) and LASL
hnvu ramde en Lenulvl. prtl lml nary runcepcwal enulneering
refcrenc~ derrlrtne ()( diurndl lo#d levallng stuis
syu[emM. 5’ b UW IWIN crmcrnLrrrLed ,,n devalnp+ment of
cuntluct or, ntr-uclurvn, and cryo~enlc cnmpll-
rrunfm. 7 Rvrout LASL ●nrk now In frro~rens lU tn de~l~n
n WI rw ropo rMdut.Lur. ‘lllr rILutfy of Ull\er”, cuntrnry
tu an cnrllvr ●n~lynln, q r.nnc Iudt. n that Wflts 1-
ccnnoml.. nlly romprt Illvr compnrtwl With nther lnrue
energy Hlorngi, rIyrIlrma Whlln the raLd energy drllvarrd
FxrI=rdM ~houc 1750 kWh/yr pvr kU.

ETP IMlmic Ilonlluh Coil synLPm—- .. . . . . .—. - - — .-

Thv HTF’ ohnlr hvntlnR rnll in rrlzrd to IlldUt.@
4.9 tiA plfinmn currrnt In h n. llw (!*nLr+l nmlrrrnld
CO II MCL im whowu in Mot-lion III Fig. 1, and tl,r malrr
featurtin ~ru LalMIl,lLIWl In Tnhlo 1. nle COI I net lti to
hr of pnnvnko d,. nlnn mntl hnvv n mxlm!lm f lmld n[ 7 T at
● currvrrt (I[ \() kA ~llporcnndurt ll\r4 {,mhle raL Inrl. n] r
dotnllrn t)f rht. dt,klxu rOllOW cl,)nely Lh@ LASL 20 HJ
prlJl[ll ypo (,!)1 I .

(hml I, Ilrh I I n~ r:OI I nntl [:ti 1)1●, l)~v91 lopm~nt. ..- . . . . . . .

A prut ut ypt, ~[) H.1 rrWprr~ulldw!.t lnK Uhml r h~al tng
rt)l 1 rap~lhlo of ht.ln~ ❑riiiod t ~) t hr KTt’ ❑ iZC Im I a) he
mntlm Irlld t Pml ml, mlr! CIII I WIIH d@ MIKllld hy Wmt ln~huumm
Elrrtrlc (:orl). 1,11 rrnl~ rntl 10 I.ASI. mId mmnufnrlur~ ham
hr.v:l ~rdrtr(l. AII IMII I I 1111drdwl IUI II( t tip I,(II I in ●lw)wu
In FIN. 2, nnd Tnhlo II f4t VP10 mnow 41f Lhr
Chtirnclorlml lrn. 1111~ I.111 I Irr I II ho mado of fowr douhlm
pnn,~nkr wlndlnrnm ~111011,IMY r Ihornlfimm ●trthrtnlrm WI, n n

‘tnlmum 1 Irld ~)1 /.’) ‘r nl a vurrnnl of W kA. nlp ,.fbt I
Im 11) 1)0 Irnlmd with m rlll I hlllotnr mnorgy Lrdnnfrr
wit h rllmplml r rllrr’vlll .41111I ,141 rrver~al In 1.1 n.

TnrIIinN ,)1 I 110 rt]ll wllll a rilll revmrwnl Ill rhe
●llt)rl tlmu Ill 1, ) ■ IIlrilflntl of IIlm r! * HTF t,urr~t!t
Inlhl,.t ION porl(hl wam tlrt. llli,il Ill t~i}neult tit Ioti wtl h III*
Y.TF lblll~ll l:rIIIlrII’. IN rh~ ovmnl dIl ●ppr,q, rlalm prmhwal
■yntvm In I1OL nwalinhlo, lh~ dmvelt)pmuul nl 4 cntl lU
■mr Imty rlm •ll~)rlor pulmm rime provftfsm grmatsr ETF

.
I
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Fig. 1. ETF central molenoid coil ●et.

(Courtesy ETF Ueslgn Center ORN1..)

TABLh 1
ETF O~lC HEATINC COIL

Field, maalmrn, T 7

Currvnc, M 5rJ
lflndln~ pancnkm

outsid~~ radium, m 1.6
[nclda radium, m 1.2
Currrnl d?nmlty ovt=rall, A/cmz I 500”
Enmr~ ●turc.d, (;J I.H

OUT

1
4SU

SUP[RC
—

+4-1
Fig. 2. 20 HJ tokammk otmlc hmating prototype coil.

TABLE 11
20 MJ PROTOTYPE COIL

Field, mayimim, T 7.5
Cooling POO1 boil at 4.5 k
UlndlnR double pancake
Currt31,t, h 5(s
Turna par pancake 25
Ovurall current dennlty, A/cm? 1716

FIR. 1. /0 HJ ruil Lrm rirrult,



Fig. 4. 50 kA prototype cable for 20 MJ coil.

A pulsed Cable Test Facility (PCTF) is undc r

construction which will permit che teatlng of aupercon-

ductlng cablea needed for thcae coils. ‘the key

component of the facility is a large pulsed supercon-

ducting magne L which w1ll generate a Field of b.h T in

an adjuatnble gap where high current pulsed cable

sampled am wide trq about 10 cm can be ❑ounted for

te@tlrrg in @ pancake wlndlng. The coils of Lhe

facility will store 3.5 HJ and can be puIsed nt 6 T/B

ualnR an exlflLillH pwer r.dpply. Studieu are (Intl,!mrmy

to utillzc thr PCTF magnet Itself au a cnmpanlon l,) tllc.

exi Mtlng 1.5 MJ cn[l for energy storugc And Lr.qn~l,, r (,L

‘+ 0=’

II
,...

1
...P,, ,.101.6cm l.~. .

—0
—.
-. 114 jtm 1.0

—
.rlor RGL4$s

# cn!osr~r

I ‘ - suPlnln3ul

‘I1I i cwm7rAr

I
SUPPOR I

5r~uc7unt

$nll COIL

A-J. A-L

ION

-10 kA current. A schematic drawing of the dewar coil

set is shcvn in Fig. 5 and some characteristics are

given in Tabie III.

I Electric Transmission Line Stabilizer

The Pacific Northweet and southern California are

part 9F the Western U. S. Power System and cre
connected by two 500 kV, ac pwe r tranamiaeion llnea
with a the-l rating of 3500 Mu. The lines are
operated by the M.lrreville Power Administration (BPA).

System stabilit~ system is affected by the relative
weakneaaes in the 900 ❑ile long llnea connecting the
arena. In 1974, predicced negatively damped

oacillationa of about 300 tlW auplitude at 0.35 Hz were

obaervedll on the trannmi8aiun lines. One ❑ eans of

preventing the oacillat!ons la to apply a low

arqlicude, up to t 5 FJw, out of phaae dignal to the

lines. This le to be done w!tn a 30 MJ, 5 kA, ?.8 T
energy stora~e coil being made by General Atomic Co. on

contract to LASL. ‘the coil ie interfaced to Lhe trans-
miaeion line through a conver:er and p~er trenaformers
ohcwn to the left of the artiat’a concept of Fig. 6.
The cryogenic ayatem 10 to the right of the figure.

Table :V glvee come of the CO1l characteristics. The
SMES unit 10 to be installed at the Flte Substation,
Tacom, WA, and nperated completely remotely over a
m~crowave link from Portland, oR.

TABLE 11[

PCTF ENERCY STOMGE COIL

Field, maxlmu!,,, T 6.4

Current, kA 11

Ulncflng ~111 lmyer

Ou[sldc diameter, m ().8LI

Insldc dlame:,. r, m 0.45

Helgllt, m 0.!54 + gap

Currelll dcnnlty, Ai’rm2 36H:.

Fi~. 6. Art Inf ‘m t.oIII. mpL (f HPA 10 M.I Stl}:!i ,.01!.

TAlll,t IV

HI’A II) M.1 sIIES [,011

Finld, mrrxlmtnm, T
UII1(IIIIK

N,tmt.nr pall,.nk,*a

t+imh,~r Itlrllu

(:,il’ri,,lt, kA

M,*lIll I’JI(IIIIM, m

tlndlnl till.kl,,,~m, m

Ilt, luhl , m

1.8
(Iullhlr p.alll’ltkrl

/, IJ

920
L.q

I. ’J]
[).1)
1,21

r’n. ‘ II(:TF ,Irwar #n,l rnpltl pmir ●{)loll,)ld.

((:n{, rtmmy t}f ArMt,l\oo Nai I!)nml I.al,,)rnl!jry.)



Reactive Power Controk

Staiic reactive pwer (VAR) control system with

thyrintor controlled, room temperature reactora are
uoed in electrical ayeterae for voltage control and
nyecem stabilization. The poaaibility of using a emall
superconducting ener~ storage coil of a few hundred
kilo jouletr with a variable controlled Graetc bridge
has poaaibilities for a new direction for VAR
control. lz The system in “cirrg analyzed by LASL and
Uestirrghouee to determine L,.a economic potential before
a full scale program in undertaken. Experiments b:
Boenigl 3 ohm the circuit behavee as predicted. A flU-

perconducting coil for a 40 f4VAR system would require
an iron core with air gaps or a e.hielded C0114 to have
1- looeea. A preliminaq parameter study wa ❑

undertaken and one get of coil characteriotico is given
in Table V.

The tentative five year JAERI programls @ tp
develop in sequence 10 kA and 50 kA, 7 T aupercor-
ducting cables. The 10 kA cable ia to be made into a
smell coil to be fast and S1OW pulse teated in a 5.5 T
background coil. me reaulta will be used together
with the 50 kA cable development for information to
build a 50kA, 7 T, 10 f4J energy storage coil. If the
10 kA cable is used, the 10 f4J coil should be available
for tenting in the third year and the fourth year if
the decision ie to uoe the 50 kA cable. The
fabrication of a 100 FfJ coil, made cf two nub CO11O, ta
planned for the third and fourth yeerm with teeting to
be done during the fifth year of the program. Power
zupplieo for the testing are conceived to be installed
in rrtages, first to provide 30 kA ●nd later in time,
two power auppliea combined to have a 70 kA output.
The parameters for the 100 t4J coil are preuented in
Tabls VII.

9E!!Me Enerm Storage 1 MWh Diurnal Load LevelinR Oemorrntration

The Japanese effort to develop snergy mtorage for
fueion, electric utility, ●nd accelerator applizltiona
haa aoataed a gr~ing role in their aupercontiuctivity
program. Four of thaae new efforts are presented.

0.5 FfJ Pulnsd Superconducting Coil System——

A pulsed ●nergy ●toraga ●yatem co~oaed of ●

0.5 HJ superconducting energy ntorage coil and a 12
pulse thyriator Craetz bridga converter circuit 1. to
be located at Ozaka Univerelty. lh ‘lhe aytrtem will be
used to develop auperconduct in? mterial, cent rol
mystem, and rtoling system technology. The Graetz
bridge ❑ystcm in co~uter controlled with ❑ymtem
v~rimbleti sensrd to provide inputs to feedback 100pa.
The bridge output can operate in parallel or ❑erlea to
provide ]001) A at either 500 or 1000 v, resp?ctivcly.
Some of the frtorage coil features are givan !n
Table VI.

JAERI Fulned Coil Drvrlnpraent—.— .——-—

A 1 PfUh diurnal load levelins ●lectric utility
toroidal demonstration unit will be built for the
International Science Expoaitlon to be hmld in Taukuba
Science and Education City, Japan, in 1985.2 The enarsy
ntored will be 3.6 (10)9 joules. Ihc coil is to be
msde of fully ●tabll[zed NbTi in copper matrix 5 kA
conductor. ‘Ihe project will rival the LCP at Oak ~dge
in scale and la ●atiwtud to coot between $9 ●nd $18
■illton. A oketch of the toroidal ntorage coil
●eaembly ie ❑hewn in Fig. 7 ●nd cha1acteri9ticn are
given in Table VIII.

TABLE vx[
100 MJ COIL PAPAHETXI(S

Naximum field, T 8
Pulsed field, T/n 10
Winding id., mm 120C
Winding o.d., mm 2000

Sub winding t,+ight, mm 600
bflndlna Rap, ❑ m 150

The pulnrd cner~ MtoraHe rt,ii w~rk of thr Japan TcL~l ~elgh., mm 1350
Atomic. F.ner~ Renearch Inntit\,tr (JAERI) in bming Oper#tirrg current, M 50
nvuluated and nt~ includen a tentative plan for M Ntlmbar or turna 240

10f)MJ, 50kA, If T COII for LerrLlnK in five ymrn. A Sturud energy, KI 105
●u~gcntlorr hmM hnt,n mdc to Jnpnn LO ●nler inlo a C.lrrent dentrity, A/mmz 25
conperat ivv pro~ram for bulldln~ and totiting much ●

COil with I.ASI..

TARI.R v

CO II, CHAHACTiXflSTICS FOR VAR CONTIIOI, SySTKH

Currwnt, M 2.l&
Gap, cm Ifl
Turum HO
lndllrtancv, mll 54

FIIIld In lrou, mnn., T Iml/,

FIPld nn rcll, T 1). ‘) “1

TABI,E Vl
O.} NJ (:1)11, (:IIARA(:TKNISTII:S

Fi*ld,T ‘1
Ulmtlnw douhlm pnwnk~
Turnn 102[)
Curr*n!, kA 1.9
OutnlIlrI ,Ilameler, ■ ■ 1(1(}

Innldm dlam*Imr, mm 710

Anlal Ienntllo mm 2H[I
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TABLE VIII
1 tfbth DIUMAL LOAD LEVELING UNIT

hrer~ stored, J 3.6(10)9

Major radius, ❑ 6.9

Hinor rndiua, m 3.5

Inductance, Tl 288

Current, LA 5
Number of coils 12

shielded Ha,qnet for Puloed Ener&y Storage

Mses and Ba!lou~ deBcriti c ~hield coil noaembly

which unea a aolencldsl winding nemted in ● ❑ et of

surrounding aolenoidal coile in a poloidal array. h

practice, ● ll che individual coflo have a lW height to

radial thicknens aspect ratio. ‘f te central coil is

generally conceived an a dc cryogenically #cable auper-

conduccing dipole with the surrounding shield Coil@

being ambient temperature copper conductor. 7he

mhield coils are arranged to keep the leakage field on

che -uperconducting coil to a very lcw value. The su-

perconducting dipole im not ●mosad co ●lternating

currentm or ~8n6tiC iieldt ●nd, hence, IS otable. A

3GOkJ ■odel shielded coil has ban reported by

Shintom.1, et aI.1 for testing with pooaible large mcale

applications for ●ccelerator drive-, fumion davice

pwer supplies, and ●leccric UC1lICY ●pplication. 11-Ia
u~~embly 1s ahcwn in Fig. 8 ●nd Treble IX has the

published parameters.

Diurnal Load-Leveiing Sc; raRe System

Energy storage on a large scale in ●upercmducting

coils Up to 10 CWh holds promlme for ●fficient energy

trannfer na high am 90 to 95~ becaume tl]ere i- no

trannfomtion ok the form of ●nergy. Electric

utilities Wuld une much #yntem for diurnal load

leveling ●nd Ulner ●nd Nic,Jle have nhwn a clemr

advantage for SupcrconducttnR )Imgnetlc Enor&, Storage

(SfiES) wilen the SPIES sy~tem ocoro ●bout 5 M. or ❑ ore

or betlar yet drllver in cxceao of about 1750 kUh;yr

par kW. Gnt studies of reference dc&18na506 vary ● m

❑uch aa faccoru of 2 Lo ). Pegardleon, in large nltiea,
SMFS ayar.ems a?pca. Cnmpeclclve with ocher types of

TABLE IX

200 kJ SHIELDED COIL

~erconductive Coil

Ener~ etorad, W

Inductance, H

Current, A

Current dens{.ty, A/cra2

Turnn

Field, T
Simjor radiuc, cm
Crone section, cm
Cooling ande at 4.2 K

Superconductor

t(aterlal
Critical currenc at 5 T,
Cu/SC ratio
Filament diameter, pm

Filamentn

TviHted pitch, ❑ m

Shlel+ Coil——

Inductance (-elf), H
(mutual), H

Current, A

Currrnt deneity,.~/cm2

Energy availabl,, k-J

Turnm
CrO~.9 ●e[tion, ❑ m

Resintivity ● t 300 K, Q

MatLrial

,

PAIL’METEM

200

0.23

1350

1.1 x 10+

528

4.0

30

8.4 X 7.6

pool boiling

4.2 K

Nb-Ti/Cu

1770

3.9

32

1250

2s

0.082

0.089

200

910

50

528

G x 5.5

0.77

OFHC copper

energy rntoraae. The ❑ymtem design acudiea hava shnwn

chac brneath- ha ground conmtrucclon with bedrock

8upp9rL 3f cne ugnetic pramflure on tha conductor ●nd

operation in 1.8 K superfluid helium are ● conomjc.

Previ<,a work,7 baaldam the prallminnry conceptual

cnglneerln~ deeignm, Involvem room temperature teuclng

of Wa rcl ~“11 rock co conductor pla8tic-fiberElasa

●upport ● cruccurem and development of prototype

conduccor, tire rcccnt studies by the Universlcy of
Wlnconmin lndlcace chat low fields combined with very

large diameter StlES sturage coilm allnu the coil to be

much cloner to the murfact for mcru~cural ●upporc ● t ●

po:cntfal comt uavln8. 16 me concepc, new for the main

●coray,m Co’l, io developed In ● d! ffar~nt way for ●

StlES guard coil burlad right m. cha murfaca ●[)d

●upportvd by a lW coac concrete foundation. 5.6. ~.

conc?pc of m flexlbla wire rope made ~f ● mlti ●trand

●truccural mr.m~nlemm

mr,d copprr Mcrlx NbTl

● aae 0“ fabrication

connldercd hy LASL .nd

lofid lrv-llng colin.

mtoel core nttirround* ‘ by coppor

superconducting !ubb~ndles fcr
Into u 5’3 kA cabl~ ham been

app?arm f~nnlhle for dlurn.1

COnrluml On—————

fugn?c lC ●n*r Uy ntorafle la ●

rapidly dPvel[lpJIl# cechIIolnRy. A nutnher of pmr.-ntlal

●ppllcnll[l,lm al.. heln~ puraurrl 011 a ~{al-d b~hlm ●nd

for drmonntratl<,,l Lu lead to l&rRrr procotypefl and full
●rale ●ppllrmtlr]nn. Kxgn*tl( ●I)rrgy nt ora Re ayo[emm

have nppllvmtlc,nm am pmrr oupplics fur

Cohn

ncceleratura,

to induce currenl into and nrovldc olmic hca[lns
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